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Evidence That X Chromosome Reactivation
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and University Hospitals of Cleveland, Cleveland, Ohio 44106-4955
Prior to entry into meiosis, XX germ cells in the fetal ovary undergo X chromosome reactivation. The signal for reactivation
is thought to emanate from the genital ridge, but it is unclear whether it is specific to the developing ovary. To determine
whether the signals are present in the developing testis as well as the ovary, we examined the expression of X-linked genes
in germ cells from XXY male mice. To facilitate this analysis, we generated XXY and XX fetuses carrying X chromosomes
that were differentially marked and subject to nonrandom inactivation. This pattern of nonrandom inactivation was
maintained in somatic cells but, in XX as well as XXY fetuses, both parental alleles were expressed in germ cell-enriched
cell populations. Because testis differentiation is temporally and morphologically normal in the XXY testis and because all
germ cells embark upon a male pathway of development, these results provide compelling evidence that X chromosome
reactivation in fetal germ cells is independent of the somatic events of sexual differentiation. Proper X chromosome dosage
is essential for the normal fertility of male mammals, and abnormalities in germ cell development are apparent in the XXY
testis within several days of X reactivation. Studies of exceptional germ cells that survive in the postnatal XXY testis
demonstrated that surviving germ cells are exclusively XY and result from rare nondisjunctional events that give rise to
clones of XY cells. © 1999 Academic Pressc
f
m
t
u
e
t
s
m
t
m
s
s
(
g
m
t
f
X
lINTRODUCTION
In Drosophila and Caenorhabditis elegans, sex determi-
nation is based on the X:autosome ratio and, in both
species, dosage compensation is intimately involved in the
process. In contrast, sex determination in mammals de-
pends upon the presence or absence of the Y chromosome
and is independent of the dosage compensation mechanism.
Nevertheless, X chromosome dosage plays a critical role in
germ cell differentiation, and proper X chromosome dosage
is essential for the normal fertility of both males and
females (reviewed in Bond and Chandley, 1983).
In mammals, females have two X chromosomes and
reactivation of the inactive X chromosome in oogonia
occurs in the fetal ovary (reviewed in Epstein, 1986; Tam et
l., 1994). X reactivation is closely followed by meiotic
ntry and, by the time of birth, all oocytes are arrested in
rophase of the first meiotic division. Since two active X
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All rights of reproduction in any form reserved.hromosomes are the norm, the reduced fertility of XO
emales has been assumed to reflect genetic imbalance in
eiotic germ cells (Epstein, 1986). In contrast to the situa-
ion in females, fetal gonocytes in male mammals do not
ndergo a change in X chromosome activity nor do they
nter meiosis. Instead, meiosis is initiated in the adolescent
estis and, as in the heterogametic sex in many animals, the
ingle X chromosome is transcriptionally silenced during
eiotic prophase (McKee and Handel, 1993). Nevertheless,
he sterility of male mammals with two or more X chro-
osomes has been postulated to reflect altered X chromo-
ome dosage due to reactivation of the second X chromo-
ome in fetal germ cells in the differentiating testis
Epstein, 1986; Lyon, 1974).
The presence of two active X chromosomes during oo-
enesis and transcriptional silencing of the single X chro-
osome during spermatogenesis appears to be unrelated to
he metabolic needs of the cells: In some mammals, XO
emales are fertile, demonstrating that double dosage of
-linked genes is not an absolute requirement for mamma-
ian oogenesis. In males, elaborate strategies (e.g., increased
tability of X-linked gene products and testis-specific tran-
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230 Mroz, Carrel, and Huntscription of autosomal homologs) have evolved to ensure
the availability of important X-linked gene products during
meiotic prophase, suggesting that the products of the X
chromosome are not inhibitory to spermatogenesis (re-
viewed in Handel and Hunt, 1992). Thus, the difference in
X chromosome activity during oogenesis and spermatogen-
esis may reflect other gender-specific requirements, e.g.,
pairing and recombination of the sex chromosomes during
meiotic prophase (McKee and Handel, 1993).
The timing and nature of germ cell loss in the XO female
mouse support this model. The XO female mouse, although
fertile, has a dramatically shortened reproductive life span,
due to increased germ cell demise in the perinatal period
(Burgoyne and Baker, 1985). The available evidence indi-
cates that disturbances in the normal process of homolo-
gous pairing and recombination result in elimination of
germ cells and that self-synaptic behavior of the single X
chromosome allows some cells to escape death (Burgoyne
and Mahadevaiah, 1993; Speed, 1986). This suggests that, at
least in the mouse, “mechanical failure” rather than aber-
rant X chromosome gene dosage is the cause of the demise
of oogonia with a single X chromosome.
Less is known about males with two or more X chromo-
somes. Our current understanding of the effect of altered X
chromosome dosage on mammalian spermatogenesis is
based almost exclusively on developmental studies of
XX/XY male chimeric mice and XX sex-reversed (Sxr) mice
Jamieson et al., 1998; McLaren, 1981; McLaren and Monk,
981; Palmer and Burgoyne, 1991; Patek et al., 1991). Based
n these studies, the deleterious effect of altered X chromo-
ome dosage has been postulated to be germ cell-specific
Burgoyne et al., 1988; Palmer and Burgoyne, 1991; Patek et
l., 1991; Singh et al., 1987). That is, germ cells with two X
chromosomes in a testis are presumed to undergo X chro-
mosome reactivation, with the presence of two active X
chromosomes being incompatible with the survival of germ
cells in the mature testis. However, the reliability of this
interpretation is uncertain, as it depends on the appropri-
ateness of these model systems. The somatic events of
testis differentiation are aberrant in both XX–XY chimeras
and XX,Sxr mice and ovotestis formation is common.
Indeed, recent studies of XX,Sxr mice suggest that the vast
ajority (84%) of XX,Sxr embryos produced on the inbred
57BL/6 background have ovotestes (Nagamine et al.,
998). Disturbances in the somatic events of testis differ-
ntiation in turn influence germ cell differentiation, and a
roportion of the germ cells embark upon a female devel-
pmental pathway and enter meiosis prenatally (McLaren,
981; Nagamine et al., 1998). Consequently, in XX–XY
himeras and XX,Sxr mice it is impossible to separate the
effects of altered X chromosome dosage from those that
result from aberrant testis differentiation.
Thus, the nature of the deleterious effect of altered X
chromosome dosage on spermatogenesis remains enig-
matic. Unlike altered X chromosome dosage in the female
which results in meiotic disruption, germ cell loss in males
with two X chromosomes occurs in the perinatal period,
Copyright © 1999 by Academic Press. All rightwell before the onset of meiosis (e.g., Cattanach et al., 1971;
Mu¨ller et al., 1995; Hunt et al., 1998). Thus, although it is
clear that the developmental decision to embark upon a
male or female pathway of germ cell development is con-
trolled by the somatic environment, the factors that control
X chromosome activity levels in germ cells remain unclear.
Specifically, on the basis of the available data it is impos-
sible to determine whether X chromosome reactivation is
similarly influenced by the somatic environment, is the
result of the commitment of the germ cell to a male or
female pathway of development, or is a germ cell-intrinsic
property that is based solely on sex chromosome constitu-
tion.
In previous studies of the XXY mouse, we demonstrated
that (1) unlike XX–XY chimeras or XX,Sxr mice, testis
differentiation in the XXY male mouse is temporally and
morphologically normal, (2) germ cells in the XXY testis
follow the male developmental pathway and do not enter
meiosis prenatally, (3) defects in germ cell development are
evident at the early stages of germ cell differentiation
during the period of mitotic proliferation (Hunt et al., 1998).
The unambiguous somatic and germ cell differentiation
suggests that the XXY testis is superior to XX–XY chimeras
or the XX,Sxr mouse as a model for the study of the effect of
altered X chromosome dosage on spermatogenesis.
In the present report, we summarize the results of studies
of X chromosome activity in fetal germ cells and of X
chromosome dosage in surviving germ cells in the juvenile
and adult XXY testis. Our results provide the first un-
equivocal evidence that X reactivation occurs when germ
cells reach the genital ridge, irrespective of the somatic
events of sexual differentiation. Furthermore, fluorescence
in situ hybridization (FISH) and whole-mount in situ stud-
ies of the juvenile and adult XXY testis demonstrate that
the surviving germ cells in the adult XXY testis are exclu-
sively XY and result from rare mitotic nondisjunctional
events in the developing testis.
MATERIALS AND METHODS
X Chromosome Reactivation Studies
a. Generation of appropriate fetuses. To study X chromosome
reactivation in fetal germ cells, we used the breeding scheme
outlined in Fig. 1a to generate male and female fetuses carrying two
X chromosomes. The rationale for this breeding scheme was as
follows: First, we generated an XYY*X male carrying Mus musculus
castaneus alleles at several different X-linked loci. XYY*X males
produce a high proportion of XY-bearing sperm and, when mated to
normal females, over half of the male progeny have an XXY sex
chromosome constitution (Hunt and Eicher, 1991). Second, one of
the XYY*X males carrying the introduced X-linked alleles was
mated with balanced female carriers of Searle’s translocation,
T(X;16)16H, to produce male fetuses carrying a structurally normal
X chromosome and both products of the T16 translocation. In these
male offspring (hereafter referred to as T16-XXY males), the pater-
nally derived, structurally normal X chromosome was nonran-
domly inactivated and maternally and paternally inherited X
chromosomes could be distinguished on the basis of expressed
s of reproduction in any form reserved.
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231X Chromosome Reactivation in XXY Germ Cellspolymorphisms for the Hprt and Pctk-1 genes. The cross also
generated control female fetuses (T16-XX), i.e., balanced carriers of
the T16 translocation that inherited the structurally normal X
chromosome from the father.
To obtain appropriately aged fetuses for study, T16 females were
placed with the XYY*X male and checked daily for the presence of
a vaginal plug. Mated females were killed by cervical dislocation at
12.5, 13.5, or 14.5 days pc (plug day is day 0), fetuses were dissected
from the uterus, fetal somatic tissues were collected for genomic
DNA and cDNA isolation, and germ cell-enriched cell populations
were isolated as described by Buehr and McLaren (1993). Although
the germ cell purity of the resultant cell populations has been
reported to be .90% (Buehr and McLaren, 1993), in our hands the
enrichment procedure resulted in cell populations containing 60–
70% germ cells. All samples were snap frozen in liquid nitrogen
and stored at 280°C.
RNA was isolated from somatic tissues and reverse transcribed
using a modification of the technique described by Carrel et al.
(1996b). For germ cell-enriched cell populations, RNA was ex-
tracted using TRIzol (Gibco BRL, Gaithersburg, MD) with 100 mg of
carrier tRNA (Sigma, St. Louis, MO) and reverse transcribed. For
genomic DNA isolation, somatic tissues were mechanically disso-
ciated in 10 mM DTT, 200 mg/ml Proteinase K, 13 PCR buffer
(Gibco BRL), 1.5 mM MgCl2, 0.001% gelatin, 0.45% NP-40, 0.45%
ween 20, digested overnight at 50°C, and heat inactivated at 95°C.
Fetuses were genotyped and the expression of X-linked genes
as studied using PCR and RT-PCR as described below. Standard
CR conditions were used and all PCRs were performed with a
5°C annealing temperature.
b. X chromosome reactivation studies. To study X reactivation
n germ cells, it was necessary to identify the subset of fetuses that
arried two X chromosomes and were subject to nonrandom X
hromosome inactivation. The screen for appropriate fetuses was
onducted as follows: (1) Fetuses with two distinguishable X
hromosomes were identified by PCR amplification of genomic
NA followed by restriction enzyme digestion to distinguish the
arental alleles of the Hprt gene as previously described (Carrel et
al., 1996b). (2) Fetuses demonstrating both parental alleles of Hprt
were analyzed for nonrandom X chromosome inactivation by
analysis of somatic tissue cDNA, using the same Hprt analysis
Carrel et al., 1996b). Fetuses subject to nonrandom X inactivation
ue to the presence of the T16 translocation demonstrated both
arental alleles in amplified genomic DNA but only the maternal
llele in amplified somatic cDNA. (3) Finally, since the cross
enerates both male and female fetuses with two X chromosomes
nd nonrandom X chromosome inactivation (T16-XXY and T16-
X, respectively), the sex of identified fetuses was confirmed by
CR amplification of the Smcx and Smcy genes from genomic
DNA (Agulnik et al., 1994a,b). A single primer pair (Smc-1,
GAAGCTTTTGGCTTTGAG, and Smc-2, CCGCTGCCAAAT-
CTTTGG) amplifies both the X-linked and the Y-linked genes but
ields differentially sized products which were separated on aga-
ose gels. The presence/absence of the Smcy product was used to
onfirm the sex of each fetus, with amplification of the Smcx gene
serving as an internal control.
To analyze Hprt gene expression in germ cell-enriched cell
populations, we utilized a previously identified restriction enzyme
polymorphism to differentiate alleles (Carrel et al., 1996b). How-
ever, to prevent low levels of DNA contamination in germ cell
RNA preparations from interfering with the analysis and to in-
crease the sensitivity of the assay, a nested PCR approach was
adopted using the primers Hprt-a, GCCTAAGATGAGCG-
CAAGTT, Hprt-b, GTGGGAAAATACAGCCAACACT, Hprt-c,
Copyright © 1999 by Academic Press. All rightCAGGAGAAAGATGTGATTGA, and Hprt-d, CTTCAGGGATT-
TGAATCACGT. Initially, samples were amplified for 15 cycles;
cDNA was specifically amplified using the primers Hprt-d and
Hprt-b and genomic DNA with the primers Hprt-a and Hprt-b.
Subsequently, dilutions of all PCR products were amplified for 40
cycles with the primers Hprt-c and Hprt-b. Finally, these amplifi-
cation products were labeled by primer extension with 32P end-
abeled Hprt-b primer, and Hprt alleles were differentiated by
digestion with HinfI and separation on 6% polyacrylamide gels.
Subsequently, we studied the Pctk-1 gene to confirm our data on
nonrandom X chromosome inactivation in somatic tissues and to
analyze expression of a second X-linked locus in germ cell-enriched
cell populations. Genomic DNA, cDNA from somatic tissues, and
cDNA from germ cell-enriched cell populations were amplified for
40 cycles with the primers Pctk-f, TCCATATTTGCACTAAAG-
GAGG, and Pctk-r, CAACAAGCAGGGAGGATTGC (sequence
from Okuda et al., 1992), which amplify an approximately 350-bp
product from genomic DNA and a 220-bp product from cDNA. To
increase the sensitivity of the assay, products were labeled in a
primer extension reaction using 32P end-labeled Pctk-r. The labeled
roducts were digested with PvuII (Gibco BRL) and the parental
lleles (Carrel et al., 1996a) were separated on 5% polyacrylamide
els.
Analysis of the Sex Chromosome Constitution of
Surviving Germ Cells
The number of X chromosomes in surviving germ cells in the
XXY testis was determined by FISH using the X-chromosome-
specific probe, DXWas70, which hybridizes to repetitive sequences
located near the X chromosome centromere (Disteche et al., 1987).
Adult testes were decapsulated, fixed in 3:1 absolute methanol:
glacial acetic acid, paraffin embedded, serially sectioned, and
stained with hematoxylin (Gill’s formulation 2, Fisher Scientific,
Pittsburgh, PA). Prior to hybridization, germ cell containing tu-
bules were identified, images were captured on an Oncor imaging
system (Oncor, Gaithersburg, MD), and mitotic germ cells were
identified. The slides were then hybridized with a digoxigenin
(Boehringer Mannheim, Indianapolis, IN) labeled probe, detected
with FITC-conjugated anti-digoxigenin (Boehringer Mannheim),
and counterstained with propidium iodide (250 ng/ml, Sigma).
Hybridization, washes, and detection were performed using minor
modifications to standard methodology (e.g., Wolf et al., 1996).
Optical sections were collected on a Bio-Rad MRC 600 confocal
microscope and the number of X chromosome signals present in
mitotic germ cells was scored.
FISH analysis of dispersed testicular nuclei was also conducted
on germ cells from 10-day-old males. Testicular cells were fixed
onto microscope slides according to the method described by Peters
et al. (1997), omitting the hypotonic pretreatment. Prior to hybrid-
ization, the germ cells were identified by immunostaining. Slides
were incubated with the germ cell-specific antibody GCNA1
(Enders and May, 1994), washed, incubated with a biotin-
conjugated anti-rat secondary antibody (Pierce; 1:2500 dilution),
and detected with avidin–rhodamine (Vector Laboratories; 1:1000
dilution). The slides were scored and the coordinates of all posi-
tively staining cells were recorded. Immunostained slides were
then refixed in 1% paraformaldehyde and hybridized with a chro-
mosome 8-specific probe (Boyle and Ward, 1992). The number of
chromosome 8 signals was scored for all previously recorded germ
cells and for somatic cells located in the same field of view. Only
those signals separated by greater than one signal diameter were
scored as two signals. Following scoring, the slides were rehybrid-
s of reproduction in any form reserved.
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232 Mroz, Carrel, and Hunt
Copyright © 1999 by Academic Press. All rightized with the X-chromosome-specific probe, DXWas 70 (Disteche
et al., 1987). To avoid scoring meiotic cells (i.e., cells with synapsed
homologues), only germ cells that exhibited two clearly distinct
chromosome 8 signals were analyzed for X-chromosome-specific
signals.
Evaluation of the Distribution of Surviving Germ
Cells
Testes from 10-day-old XXY males were analyzed by whole-
mount immunohistochemistry using the germ cell-specific anti-
body, GCNA1 (Enders and May, 1994). Testes from juvenile males
were decapsulated and treated with collagenase (Sigma; 1 mg/ml
solution in RPMI medium) to promote tubule separation and
antibody penetration. Testes were fixed and stained according to
the technique described by Davis (1993). Briefly, the tubules were
fixed overnight in 4:1 methanol:DMSO; pretreated in a 1:4:1
solution of H2O2:methanol:DMSO for 5 h; rehydrated; and gently
separated in PBS with fine forceps. For antibody staining, the
tubules were washed in PBSMT (Davis, 1993) containing 10% goat
serum (Gibco BRL), incubated overnight in a 1:5 dilution of
GCNA1 antibody, washed, incubated overnight with a biotin-
conjugated secondary antibody (1:2000 dilution of biotin-
conjugated goat anti-rat IgM, Pierce, Rockford, IL) and detected
using the Vectastain ABC Elite peroxidase and peroxidase substrate
kits (Vector Laboratories, Burlington, CA). Stained tubules were
placed in mounting solution of 50% PBD (Oncor), 50% glycerol and
analyzed and photographed on a Wild dissecting microscope.
Statistical Analysis
Statistical analysis was performed using standard goodness of fit
tests. The Yates correction (Downie and Heath, 1983) was em-
ployed when one or more category had an expected value of less
than 5.
RESULTS
X Chromosome Reactivation in Germ Cells in the
Testis
To study X chromosome reactivation in fetal germ cells,
we generated male and female fetuses carrying two X
chromosomes (Fig. 1a). This breeding scheme allowed us to:
(1) produce male and female fetuses that inherited mater-
nally and paternally derived X chromosomes carrying dif-
ferent alleles of Hprt and Pctk-1, two genes that are nor-
mally subject to inactivation, and (2) create a situation in
which the paternally inherited X chromosome was nonran-
domly inactivated (see Materials and Methods).
Fetuses ranging in age from 12.5 to 14.5 days pc were
obtained as outlined in Fig. 1a and amplification of cDNA
from fetal somatic tissues was used to examine expression
of the Hprt gene (Fig. 1b). Sixteen fetuses were identified
that carried both parental alleles of Hprt but exhibited
expression of only the maternal allele, indicating nonran-
dom inactivation of the paternally inherited X chromo-
some. Of the 16, 5 were male (i.e., T16-XXY) and 11 were
female (i.e., T16-XX).FIG. 1. Production and identification of XXY and control female
fetuses. (a) Breeding scheme. In the first generation (I), normal
C57BL/6 females were mated to M. m. castaneus (CAST) males to
introduce X-linked polymorphisms. In the second generation (II), F1
females were mated to an XYY*X male (Hunt and Eicher, 1991) to
produce XYY*X offspring carrying X-linked CAST alleles (this differ-
entially marked X chromosome is shown in boldface). Since XYY*X
males produce a high proportion of XY-bearing sperm (Hunt and
Eicher, 1991), the XYY*X males resulting from this mating were used
in generation 3 (III) to produce XXY male offspring in which expres-
sion from maternally and paternally inherited X chromosomes could
be distinguished on the basis of X-linked expressed polymorphisms.
To do this, the XYY*X male in III was mated with balanced female
arriers of Searle’s translocation, T(X;16)16H, to produce males carry-
ng a structurally normal X chromosome and both products of the T16
ranslocation. In these “T16-XXY” males the paternally derived,
tructurally normal X chromosome was nonrandomly inactivated,
nd maternally and paternally inherited X chromosomes could be
istinguished on the basis of expressed polymorphisms for the Hprt
nd Pctk-1 genes. The cross also generated control females (“T16-
X”), i.e., balanced carriers of the T16 translocation that inherited the
tructurally normal, polymorphic X chromosome from their father. (b)
dentification of T16-XX and T16-XXY fetuses. PCR amplification of
enomic DNA using primers for Hprt (top) demonstrates that the
llele carried on the T16 translocation X chromosome (lane 1) and the
ntroduced CAST allele on the structurally normal X chromosome
lane 2) differ in size. Amplification of genomic DNA from T16-XX
nd T16-XXY fetuses yields the two different-sized PCR products
lanes 3 and 5). However, amplification of cDNA from somatic tissues
f these fetuses demonstrates expression from only the maternal
llele (lanes 4 and 6), due to nonrandom inactivation of the structur-
lly normal X chromosome. PCR amplification of the X- and Y-linked
enes, Smcx and Smcy (bottom), yields differentially sized productsExpression of the paternal alleles of Hprt and Pctk-1 was
s of reproduction in any form reserved.
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233X Chromosome Reactivation in XXY Germ Cellsused to detect X chromosome reactivation in germ cells
from T16-XXY and T16-XX fetuses. Previous studies have
suggested that, in the female, X chromosome reactivation
occurs in germ cells shortly after their arrival at the genital
ridge (Monk and McLaren, 1981; Tam et al., 1994). Our
studies confirm these findings; germ cell-enriched cell
populations from 13.5 and 14.5 days pc control T16-XX
fetuses demonstrated biallelic expression of the Pctk-1 gene
in all four cases studied and biallelic expression of the Hprt
gene was detected in four of five fetuses studied (Table 1
and Fig. 2). In the remaining fetus, Pctk-1 expression was
biallelic but expression of the paternal allele of Hprt could
not be detected. Similarly, analysis of cDNA from germ
cell-enriched cell populations from all five T16-XXY males
demonstrated biallelic expression of Pctk-1 and Hprt, with
xpression of the paternally inherited allele detected as
arly as 12.5 days pc (Table 1 and Fig. 2).
Surviving Germ Cells in the XXY Testis Carry
Only a Single X Chromosome
Surviving germ cells in the seminiferous tubules of adult
males with two X chromosomes have been hypothesized to
result from loss of an X chromosome (Lyon, 1974). How-
ever, it is also possible that proper X chromosome dosage is
maintained in these germ cells by a failure of X chromo-
some reactivation. To distinguish between these mecha-
nisms, we used FISH to determine the number of X chro-
mosomes present in premeiotic germ cells in the XXY testis
(Fig. 3). Hybridization of an X-chromosome-specific probe
to paraffin sections of adult testes allowed us to evaluate
premeiotic germ cells in intact seminiferous tubules. Mi-
totic germ cells are present near the basement membrane of
the seminiferous tubules and have a characteristic nuclear
morphology. However, because Sertoli cell nuclei occupy a
similar location in the tubule and the distinguishing
nuclear features are lost after hybridization, mitotic germ
cells were identified in hematoxylin stained sections prior
to hybridization and images of individual tubules were
TABLE 1
Expression of X-Linked Genes in Germ Cell-Enriched Cell
Populations from T16-XX and T16-XXY Fetuses
Fetal age
(days pc)
Number
of fetuses Pctk-1 Hprt
T16-XX 13.5 2 B B
13.5 1 B M
13.5 1 ND B
14.5 1 B B
T16-XXY 12.5 1 B B
13.5 3 B B
14.5 1 B B
Note. B, biallelic expression; M, expression of the maternal allele
only; ND, not determined.captured for reference. Tissue sections were subsequently
Copyright © 1999 by Academic Press. All rightybridized with an X-chromosome-specific probe and im-
ges of the same tubule cross sections were collected on a
onfocal microscope (Fig. 3a). The distribution of X chro-
osome signals in 526 premeiotic germ cells from XXY
ales and 637 cells from XY sibling controls was nearly
dentical, indicating that surviving germ cells in the XXY
estis have a single X chromosome (Fig. 4).
As can be seen in Fig. 4, approximately 20% of cells from
oth XY and XXY males either had no signal or were scored
s having two X chromosome signals. The presence of these
ells in controls suggests that they may be an artifact of
ybridization to tissue sections. To rule out the possibility
hat a small proportion of surviving germ cells in the XXY
estis retained two X chromosomes, a second FISH analysis
as conducted on dispersed testicular nuclei from 10 day pp
ales (Fig. 3b). This age was chosen for three reasons: (1)
he demise of germ cells in the XXY male is complete by a
ew days after birth (Hunt et al., 1998), (2) germ cells have
esumed mitotic proliferation, thus maximizing the num-
er of rare surviving germ cells available for study, and (3)
he vast majority of germ cells are mitotic and the few
eiotic germ cells present should be at the early stages of
eiotic prophase before chromosome synapsis is complete
Goetz et al., 1984). To identify germ cells in the population
f dispersed testicular nuclei, the germ cell-specific anti-
ody GCNA1 (Enders and May, 1994) was employed. Fol-
owing germ cell localization on immunostained prepara-
ions, the slides were hybridized with a chromosome
-specific probe (Fig. 3b). The distribution of zero, one, or
wo chromosome 8 signals in somatic cells or germ cells
as nearly the same for XXY and control males, indicating
imilar hybridization efficiencies in the XXY and XY testis
Fig. 5a). To avoid scoring meiotic cells (i.e., cells with
ynapsed homologues), only germ cells with two clearly
istinct chromosome 8 signals were analyzed for
-chromosome-specific signals.
FIG. 2. Pctk-1 expression in somatic and germ cell-enriched cell
populations from 14.5 day pc T16-XX and T16-XXY fetuses. PvuI
digested Pctk-1 amplification products distinguish the maternal
(ma) and paternal (pa) alleles in DNA and cDNA (allele sizes shown
in lanes 1–4). Amplification of somatic cell cDNA (S) from the T16
fetuses confirms that the paternal X is nonrandomly inactivated,
whereas amplification of both alleles in germ cell-enriched cDNA
(GC) demonstrates expression of both alleles, indicating reactiva-
tion of the paternal allele.
s of reproduction in any form reserved.
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234 Mroz, Carrel, and HuntWe observed a highly significant difference in the number
of X chromosome signals in somatic cells from controls and
XXY males (x22 5 52.4, P , 0.0001), verifying that the
FIG. 3. FISH studies of germ cells and somatic cells in the XXY
nd control XY testis. (a) Hybridization of adult tissue sections.
op images show hematoxylin stained sections of a portion of an
ctive seminiferous tubule from an XY control and XXY testis.
remeiotic germ cells (arrows) are located near the basement
embrane and can be distinguished from Sertoli cells (arrowhead)
n the basis of nuclear morphology. Bottom images show confocal
mages of the same tubule sections following hybridization with
he X-chromosome-specific probe, DXWas70. Note that a single X
hromosome signal is evident in germ cell nuclei (arrows) from
oth XY and XXY males. (b) Hybridization of dispersed testicular
ell nuclei. Top images show dissociated testicular cell nuclei from
Y control and XXY males hybridized with a chromosome
-specific probe. The germ cell-specific antibody GCNA1 was used
o differentiate germ cells (red) from somatic cells (blue). Bottom
mages show the same cells rehybridized with an X-chromosome
pecific probe (arrows denote X chromosome signals).majority of somatic cells in the XXY testis had two X
Copyright © 1999 by Academic Press. All rightchromosomes (Fig. 5b). In contrast, the number of germ
cells with zero or one X chromosome signals was virtually
identical for the two types of males. Moreover, none of the
73 germ cells scored from XXY males had two chromosome
X signals. Thus the data from the analysis of both the adult
and the adolescent XXY testis indicate that surviving germ
cells had a single X chromosome.
Germ Cells in the XXY Testis Are Present in a
Single Contiguous Segment
To determine whether the rare surviving germ cells in the
XXY testis are the result of rare nondisjunctional events or
whether the XXY germ cell is particularly prone to X
chromosome nondisjunction, we characterized the distribu-
tion of surviving germ cells in the XXY testis. Whole-
mount immunohistochemistry was performed on testes
from 10-day pp males using the germ cell-specific antibody,
GCNA1 (Enders and May, 1994). Germ cells were detected
in 7 of the 13 XXY testes studied. In 6 of the 7 germ cells
were confined to a single tubule segment. In the remaining
testis, it was impossible to determine whether germ cells
were confined to a single tubule or were present in two
adjacent tubules. As shown in Fig. 6, the number of germ
cells in individual testes was highly variable.
DISCUSSION
The expression of both parental alleles of X-linked genes
in germ cell-enriched gonadal tissue from T16-XX female
and T16-XXY male fetuses indicates that germ cells can
undergo X reactivation in both the differentiating ovary and
the testis. X reactivation in XX germ cells in a testis has
previously been observed in studies of the XX,Sxr mouse
Jamieson et al., 1998; McLaren and Monk, 1981). In these
FIG. 4. X chromosome signals in premeiotic germ cells in the
adult testis. The distribution of cells with zero, one, or two X
chromosome signals was nearly identical in premeiotic germ cells
from XY and XXY adult males.
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germ cell events of testicular differentiation are abnormal
(McLaren, 1981; Nagamine et al., 1998), hence the possibil-
ity that X reactivation is a consequence of aberrant testis
differentiation cannot be excluded. Because testis differen-
tiation in the XXY male is temporally and morphologically
normal (Hunt et al., 1998), the present results provide
compelling evidence that X reactivation occurs when germ
cells reach the genital ridge irrespective of the events of
sexual differentiation.
The Signal for X Reactivation Emanates from the
Indifferent Gonad but Is Independent of the
Somatic and Germ Cell Events of Sexual
Differentiation
In the mouse, germ cells begin to populate the genital
ridge at 9.5–10 days pc. Utilizing an X-linked lacZ trans-
gene, expression from the inactive X chromosome has been
FIG. 5. Hybridization studies of dispersed testicular cells from 10-
nd somatic nuclei was nearly identical for XXY and XY males. (b
as nearly the same for XY and XXY males. However, the distribu
ales was highly significantly different (x22 5 52.4, P , 0.0001).
FIG. 6. Whole-mount testis tubule preparations from juvenile X
stained with the germ cell-specific antibody, GCNA1, showing ge
stained tubules from two XXY male littermates showing small patches
Copyright © 1999 by Academic Press. All rightetected in a subset of germ cells as early as 10.5 days pc
Tam et al., 1994), suggesting that X reactivation may be
initiated as early as 24 h after the germ cells enter the
genital ridge. If expression of the transgene provides a
reliable indicator of X reactivation, this indicates that the
signal for reactivation precedes, or is concurrent with, the
signals for somatic sex determination.
Similar to germ cells in the differentiating ovary, cells in
the differentiating XXY testis undergo X reactivation; how-
ever, unlike the situation in females, they do not initiate
meiosis prenatally (Hunt et al., 1998). In mammals, sexual
differentiation of the germ cells, i.e., whether they initiate
the female or male pathway of development, occurs in
response to the somatic environment. The female pathway
of prenatal meiotic initiation is the “default pathway”
because all germ cells—whether they reside in a differenti-
ating gonad or not—embark upon this developmental
course unless prevented from doing so by signals from the
differentiating testis. For example, germ cells occasionally
ld males. (a) The distribution of chromosome 8 signals in germ cell
ilarly, the number of germ cells with 0 or 1 X chromosome signal
of X chromosome signals in somatic cell nuclei from XXY and XY
nd XY control males. (a) Seminiferous tubules from an XY male
ells evenly distributed throughout the tubules. (b and c) Similarlyday-o
) Sim
tionXY a
rm cof germ cells confined to a contiguous tubule segment.
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236 Mroz, Carrel, and Huntfail to enter the genital ridge, remaining in the mesonephros
or colonizing the adrenal primordium; in both male and
female embryos, these ectopic germ cells enter meiosis at
the same time as germ cells in the differentiating ovary
(Zamboni and Upadhyay, 1983). Recent evidence, however,
suggests that despite their entry into meiosis, ectopic XX
germ cells do not undergo X reactivation (Tam et al., 1994).
Thus, the current data suggest that X chromosome reacti-
vation in mammalian germ cells is induced by signals from
the genital ridge but is independent of both the somatic and
the germ cell events of sexual differentiation.
X Reactivation without Subsequent Meiotic Entry
Results in Germ Cell Demise
During the late stages of fetal development, when germ
cells in the developing ovary undergo X chromosome reac-
tivation and initiate meiosis, germ cells in the testis com-
plete mitotic proliferation and enter a period of mitotic
arrest. This G0 arrest persists until several days after birth,
when mitotic proliferation of the germ cells resumes in the
juvenile testis. In the XXY testis, the prenatal mitotic
proliferation of the gonocytes is impaired and they gradu-
ally disappear from the seminiferous tubules during the
period of G0 arrest (Hunt et al., 1998). Our present studies
demonstrate that, by the time of postnatal mitotic resump-
tion, the only germ cells remaining in the XXY testis are
rare XY germ cells that result from mitotic nondisjunction
errors.
The demise of germ cells with two X chromosomes
during a period of quiescence provides little insight into the
nature of the effect of altered X chromosome dosage on
male germ cell differentiation. Two explanations seem
plausible: (1) the testis has a mechanism for selectively
eliminating germ cells with two active X chromosomes or
(2) the presence of two active X chromosomes in male
mitotic germ cells, as in differentiated somatic cells, is
incompatible with cell survival.
The testis may, indeed, have a mechanism of selectively
eliminating a specific subset of germ cells. McLaren has
suggested that one function of MIS (Mullerian inhibiting
substance) in the differentiating testis is to remove germ
cells that initiate a female pathway of development and
enter meiosis prenatally (McLaren, 1990). Since distur-
bances in testis differentiation are associated with prenatal
meiotic entry (McLaren and Southee, 1997), the evolution
of a mechanism to eliminate these cells seems plausible. A
mechanism based on X chromosome dosage, however,
seems unlikely, since it would fail to detect germ cells in a
normal XY testis that initiate meiosis prenatally. Thus, we
favor the second hypothesis, that is, that the presence of
two active X chromosomes in germ cells in the testis is
incompatible with their continued survival.
In somatic cells, the consequences of two active X chro-
mosomes are profound; however, the preimplantation em-
bryo and premeiotic germ cells in the ovary are clearly
exceptions. Transcripts can be detected from both the
maternally and the paternally inherited X chromosome in
Copyright © 1999 by Academic Press. All righthe early cleavage embryo (Latham, 1996). Similarly, in
itotically proliferating oogonia, the available evidence
uggests that X reactivation precedes meiotic entry by
everal days. In both the preimplantation embryo and the
remeiotic female germ cell, however, the presence of two
ctive X chromosomes is a short-term problem: The pre-
eiotic germ cell is “rescued” by meiotic entry and tran-
criptional silencing of the second X chromosome is initi-
ted in the preimplantation embryo within several cell
ivisions.
In somatic cells, dosage compensation failure does not
esult in immediate cell death. Studies of the mouse T16, or
earle’s, translocation demonstrate complete failure of dos-
ge compensation in unbalanced female embryos that do
ot inherit the portion of the translocated X containing the
inactivation center. These embryos, which are function-
lly disomic for approximately 60% of the X chromosome,
xhibit growth retardation at 6.5 days of gestation, a time at
hich inactivation has occurred in normal female embryos;
he demise of the embryo is complete by 10.5 days of
estation (Takagi and Abe, 1990).
The demise of germ cells in the XXY testis, with failure of
itotic proliferation followed by the gradual demise of all
ells with two X chromosomes, is arguably similar to
omatic cell death in the absence of dosage compensation.
hus, we postulate that germ cell demise in the XXY testis
s a consequence of X chromosome reactivation without
eiotic entry. New techniques for the transplantation of
erm cells (Brinster and Avarbock, 1994; Brinster and Zim-
ermann, 1994) make possible experiments to test this
ypothesis and to characterize the nature of the signal for X
eactivation. Specifically, if germ cell demise is the result of
reactivation without meiotic entry, it may be possible to
escue fetal XXY germ cells that have undergone X reacti-
ation by transplanting them to the postnatal testis close to
he time of meiotic initiation. Additionally, although the
vailable evidence suggests that the undifferentiated genital
idge provides the signal for reactivation, the signal may be
estricted to a brief period of fetal development. The trans-
lantation of fetal germ cells prior to their reactivation
ould provide information on the nature of the signal for X
eactivation.
Surviving Germ Cells Are the Result of Rare
Nondisjunction Events
Our analysis demonstrates that surviving germ cells in
the juvenile and adult XXY testis are exclusively XY. These
germ cells are the result of rare mitotic nondisjunction
events in the fetal testis that give rise to clones of germ cells
that populate small segments of the seminiferous tubules.
This finding has clinical implications since new develop-
ments in human assisted reproduction now make possible
the establishment of pregnancies using sperm from oli-
gospermic men, including those with Klinefelter syndrome
(Bourne et al., 1997; Harari et al., 1995; Palmero et al.,
1998). Although studies of sperm from human XXY males
are limited, the results are intriguing since all studies
s of reproduction in any form reserved.
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237X Chromosome Reactivation in XXY Germ Cellssuggest a high frequency of sex chromosome aneuploidy
(Estop et al., 1998; Foresta et al., 1998; Guttenbach et al.,
1997). The survival of XXY germ cells has been suggested to
explain these findings, but this seems unlikely in view of
the intense selection against these cells in the XXY mouse.
Indeed, recent studies in our laboratory suggest an alterna-
tive explanation; i.e., the rare XY germ cells which survive
and undergo spermatogenesis in the XXY testis are prone to
meiotic errors (Mroz et al, in press). An important direction
of future research is determining whether increased meiotic
nondisjunction is a specific feature of the XXY testis—
suggesting that it results from altered X chromosome dos-
age in the somatic cells of the testis—or is a generalized
feature of the oligospermic testis.
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